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We analyzed the fragmentation of the Xe129 nucleus to determine the eﬀects of surface and symmetry
energies on the fragment distribution on the basis of the statistical multifragmentation model. Relative
yields of fragments were classiﬁed with respect to the mass number of the fragments in the transition
region. It was found that the symmetry energy of the hot fragments produced in the statistical freezeout is very important for isotope distributions. However, its inﬂuence on the mean fragment mass
distributions is negligible. On the other hand, it was demonstrated that surface energy signiﬁcantly
inﬂuences the fragment distribution while the symmetry energy contribution remains negligible.

Key Words: Nuclear multifragmentation, mass distribution, symmetry energy, surface energy, excitation energy.

Introduction
Multifragmentation of nuclei is a promising process for studying nuclear matter properties at the extreme
conditions of high excitations energies, subsaturation densities, and at diﬀerent isospins. We expect to
establish its connection to a nuclear liquid-gas phase transition. Recently, we carried out some calculations
on nuclear multifragmentation that point out some signals of a liquid gas type phase transitions in nuclear
collisions.1−5 Like other complicated many-body processes, this phenomenon can be successfully treated
within the statistical framework. This process is mainly associated with abundant production of intermediate
mass fragments (IMFs, with mass A ≈ 5-40). However, at the onset of multifragmentation, heavy residues
are also produced, which have previously been associated only with the compound nucleus. At very high
excitation energies (E∗ > 2-3 MeV/nucleon), IMF production gives way to the total vaporization of nuclei
into a nucleus and very light clusters. In recent years, the fragmentation event was previously studied in
excited nuclear matter by considering the liquid-gas phase transition and it has been shown that heated
nuclear matter has characteristic van der Waals behavior.6−10
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Nuclear Fragmentation
Statistical models are used in situations when an equilibrated source can be deﬁned in the nuclear reaction.
The most famous example of such a source is the compound nucleus introduced by Niels Bohr in 1936.
The standard compound nucleus picture is valid only at low excitation energies when sequential evaporation
of light particles and ﬁssion are the dominating decay channels. However, this concept cannot be directly
applied at high excitation energies (E∗ ≥ 2-3 MeV/nucleon), when the nucleus rapidly disintegrates into
many fragments. As was shown in many experiments, an equilibrated source can be formed in this case as
well, and statistical models are generally very successful in describing the fragment production.11−15
We carried out our calculations on the basis of the statistical multifragmentation model (SMM).8 The
model is based upon the assumption of statistical equilibrium at a low-density freeze-out state. According
to the SMM, we assume all breakup channels (partitions) are composed of nucleons. However, the model
assumes a microcanonical ensemble of breakup channels and the system should obey the laws of conservation
of energy E∗ , mass number A, and charge number Z. In the microcanonical treatment the statistical weight
of breakup channel is
Wj ∝ exp(Sj (E ∗ , A, Z))

(1)

where Sj is the entropy of the system in channel j. The decay channels are generated by the Monte Carlo
method according to their statistical weights.
Light fragments with mass number A ≤ 4 are considered elementary particles (nuclear gas) having
only translational degrees of freedom. The fragments with mass number A > 4 are treated as heated nuclear
liquid drops. In this way, one may study the nuclear liquid-gas coexistence in the freeze-out volume. Free
energies, FAZ , of each fragment are parameterized as a sum of the bulk, surface, Coulomb, and symmetry
energy contributions
Surface
Symmetry
Bulk
Coulomb
+ FAZ
+ FAZ
+ FAZ
FAZ = FAZ

(2)

The bulk contribution is given as
bulk
FAZ
(T ) = −(W0 + T 2 /ε0 )A

(3)

where T is the temperature, the parameter ε0 is related to the level density, and W0 = 16 M eV is the binding
energy of inﬁnite nuclear matter. Contribution of the surface energy is given by

Surface
FAZ
(T ) = B0

Tc2 − T 2
Tc2 + T 2

5/4
A2/3

(4)

where B0 = 18 MeV is the surface coeﬃcient and Tc = 18 MeV is the critical temperature of the inﬁnite
nuclear matter. Contribution of the Coulomb energy is given by
C
EAZ
=c

Z2
A1/3

(5)

where c is the Coulomb parameter. In the Wigner-Seitz approximation, the parameter is obtained as
   2 
 1/3 
3
ρ
e
c=
1−
5
r0
ρ0
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Fragmentation of Xe129 in the Liquid-Gas..., M. ERDOĞAN, et al.,
where e is the charge unit, r0 = 1.17 fm, and ρ0 is the normal nuclear matter density (0.15 fm−3 ). Finally,
the symmetry energy is given by
symmetry
= γ(A − 2Z)2 /A
EAZ

(7)

where γ = 25 MeV is the symmetry energy parameter. All of the parameters given above are taken from
the Bethe-Weizsacker formula and correspond to the assumption of isolated fragments with normal density
in the freeze-out conﬁguration.
The surface term is a function of 2 parameters, which are the coeﬃcient B0 and the critical temperature
Tc . The critical temperature for the nuclear liquid-gas phase transition in inﬁnite matter is previously deﬁned
as 18 MeV, but this temperature is diﬀerent from the phase transition temperature in ﬁnite hot nuclei,
which are essentially lower, around 5-6 MeV. Tc should be considered a model parameter characterizing
the temperature dependence of the surface tension in ﬁnite nuclei. This T-dependence leads to a correct
surface contribution to the level densities of nuclei at low temperatures. The relation is previously studied
between the surface energy and T/Tc .4 The decrease in the surface energy with increasing T/Tc (see formula
4) inﬂuences the fragment production. The surface parameter may change at low density in surroundings
consisting of nucleons and hot fragments. In this study, we studied the inﬂuence of the surface and symmetry
energy in nuclear fragmentation.
The surface energy is quite important, because the surface contribution to the total energy of the
system increases due to the production of new fragments. Hence, small changes in the value of the
surface energy produce signiﬁcant changes in the fragment mass and charge distributions. This concept
is demonstrated in Figure 1 for diﬀerent excitation energies for Xe129 sources with a freeze-out density
ρ = ρo /3. The inﬂuence of the symmetry energy was also studied in the freeze-out volume at excitation
energy of 5 MeV/nucleon. The symmetry energy coeﬃcient γ was chosen as 8, 14, and 25 MeV.
To characterize the mass distributions we use the A−τ ﬁt of the fragment yields in the nuclear
fragmentation.4,16,17 Here, τ is the critical exponent (for mass distribution). In all calculations, the mass
distribution of IMFs is considered in the range 6 ≤ A ≤ 40. The lighter fragments are considered a nuclear
gas.

Results and Discussion
We obtained almost the same results as Botvina et al.1 Figure 1 shows the relative yield of hot primary
fragments versus A/A0 for Xe129 at diﬀerent excitation energies 3, 5, 6, and 8 MeV/nucleon for the surface
energies 16, 18, and 20 MeV. We observed that the relative yield of hot fragments produced a U-shape
distribution for T ≤ 5 MeV. This situation corresponds to the partitions with a few small fragments and
a large residual fragment. At high excitation energies (T ≥ 6 MeV), the large fragments disappear, and
an exponential-like fall-oﬀ is observed. However, the number of relative yield of hot fragments increases at
small B0 values. As can be seen from Figure 1, the transition region is observed between these temperature
values.
We show that the symmetry energy eﬀect on isotope distribution can survive after secondary deexcitation. For this reason, an extraction of this symmetry energy from the data is important not only for the
context of nuclear physics but also for nuclear astrophysical studies.3
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Figure 1. Relative yield of hot primary fragments versus A/A0 for Xe129 for diﬀerent surface energy coeﬃcients B0
= 16, 18, and 20 MeV at diﬀerent excitation energies 3, 5, 6, and 8 MeV/nucleon.

Figure 2 shows the eﬀects of the coeﬃcient B0 on the caloric curve for Xe129 nucleus at 2 diﬀerent
temperatures. Eﬀective temperature Teff is found from the energy balance in the freeze-out volume by
assuming that the properties of fragments are the same as those of isolated nuclei. The other one is the
freeze-out temperature T that is included in medium modiﬁcations of the fragment properties at diﬀerent B0 .
The variations in eﬀective and freeze-out temperatures with E∗ are presented in Figure 2. This concept was
previously studied for the nucleus of Au197 and the connection of these temperatures was shown for Au197
with respect to the excitation energies for diﬀerent B0 coeﬃcients.3 A lower eﬀective temperature is clearly
seen at smaller B0 values. Nevertheless, we can see that the system disintegrates into lighter fragments, and
Amax becomes smaller (top panel of Figure 3). At low excitation energies, the behavior of both temperatures
is similar but for very high excitation energies as the system disintegrates only into light IMFs the freeze-out
temperature is higher at smaller B0 .
In multifragmentation, the mass number of the largest fragment Amax and τ parameter as a function
of the excitation energy are presented at diﬀerent surface energies in the bottom panel in Figure 3. Here,
we see that the maximum variance values for Xe129 source are at excitation energy of 4-5 MeV/nucleon,
which corresponds to the transition region. τ parameter shows a general trend in the variation of the mass
distributions and it depends strongly on the excitation energy for diﬀerent B0 coeﬃcients (bottom panel in
Figure 3). The same trend can be seen for the nucleus of Au197 in the freeze-out volume.3
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SMM calculations of characteristics of hot fragments from Xe sources for diﬀerent surface energy

coeﬃcients B0 = 16, 18, and 20 MeV as a function of the excitation energy E∗ . Top panel: eﬀective temperature
Tef f ; bottom panel: freeze-out temperature.
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SMM calculations of characteristics of hot fragments from Xe sources for diﬀerent surface energy

coeﬃcients B0 = 16, 18, and 20 MeV as a function of the excitation energy E∗ . Top panel: reduced mass number of
the largest fragment Amax /A0 ; bottom panel: τ parameter.

407

Fragmentation of Xe129 in the Liquid-Gas..., M. ERDOĞAN, et al.,

Relative yield

The inﬂuence of the symmetry energy was not seen on yields of hot fragments in the freeze-out volume.
As can be seen in Figure 4, modiﬁcations of symmetry energy by means of γ do not inﬂuence the yields of
hot fragments.
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Figure 4. Inﬂuence of the symmetry energy coeﬃcient γ on yields of hot fragments in the freeze-out volume.
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